We use a Lagrangian stochastic advective-reactive (LaSAR) approach to model coupled groundwater and surface water contaminant transport. In this approach, physical (advective) solute travel time distributions constitute main functions for the contaminant transport representation. In a specific catchment area case study, we show how these travel time distributions, for separate groundwater and stream network systems and for the linked groundwater-stream systems of whole catchments, can be modelled and quantified from available field data. We further use the LaSAR modelling approach in an extreme-scenario methodology for investigating how the risk (probability) of concentrations exceeding given environmental or health-based concentration limits may propagate downstream of a contaminant source for various spatial source extents and contaminant release magnitudes and dynamics under different aquifer conditions. Results show that the average relation between characteristic advective transport and natural attenuation time scales is essential and in some (with results identifying also in which) cases sufficient information for assessing if and where this risk may decline below acceptable levels downstream of the source zone. The presented general quantification methodology and specific exemplification results may provide useful guidelines for emergency remediation of contaminated land sites and for prioritisation decisions and scoping calculations to focus further investigations of long-term remediation options on critical site and contaminant parameters.
Introduction
The estimation of future concentrations and mass flows of contaminants in groundwater and surface water downstream of contaminated land sites requires mathematical modelling. However, model predictions are commonly associated with large uncertainties, due to e.g. lack of data, model simplifications, and heterogeneity of physical and biogeochemical aquifer properties [1, 2] . A relevant analysis of environmental and health risks posed by contaminant migration must account for such uncertainties. One of the main problems with catchment-scale contaminant migration modelling is that essential contaminant transport characteristics (such as transport pathways, velocities and associated travel distances or travel times) are not well known. The main aim of the present study is to investigate how such uncertainty may affect environmental risk.
We use a Lagrangian stochastic advective-reactive (LaSAR) approach [e.g., [3] [4] [5] to model coupled groundwater-stream transport of a contaminant through a catchment area and account for associated transport uncertainties. Probability density functions (pdfs) of physical (advective) solute travel times to any distance downstream of the contaminant source are main model components in this approach. In a first theoretical part of the paper, we describe how the LaSAR approach may be used to assess the risk (probability) of contaminant concentrations to exceed given environmental or health-based limits. In the second part of the paper, we put the theory into a site-specific application by GIS-based modelling of contaminant transport through the coupled groundwaterstream system of a coastal catchment area. For this case study, we quantify the statistics of contaminant mass delivery to coastal outlets resulting from contaminant release at different locations in the catchment area. Fig. 1 illustrates schematically the problem considered in the theoretical part of this study: Contaminants from a contaminated land site reach the groundwater table within a source zone of length x s along the mean groundwater flow direction. The contaminants may be transported towards an environmental compliance boundary at distance x 1 downstream of the source zone. The probability, or risk S R , that a given environmental concentration limit C T will be exceeded by any local concentration C on the compliance boundary at x 1 at any time t can be estimated from the concentration pdf f(C(t, x 1 ), which, for simplicity and result exemplification, we assume here to be lognormal. Thereby, f(C(t, x 1 )) is fully determined by the two most readily obtainable concentration statistics: the expected value E[C(t, x 1 )] and variance V[C(t, x 1 )].
Materials and method

Theoretical extreme scenario analysis
We evaluate E[C(t, x 1 )] and V[C(t, x 1 )] for two different scenarios for contaminant release from the source zone: i) a short-pulse release scenario, which may for example represent a first, fast release phase of soluble compounds after a chemical accident at the soil surface; and ii) a long-lasting continuous leakage scenario, which may for example represent long-term industrial leakage, or a second slow leakage phase after a chemical accident, when some hydrophobic contaminant fraction slowly leaks out from the source zone over long time. In the following, we investigate the possible downstream propagation of the risk S R for these two extreme contaminant input scenarios and for two extreme cases of aquifer heterogeneity structure. The aquifer heterogeneity structure affects the advective solute travel time pdf g 1 (T, x 1 ), which, in turn, affects the concentration statistics. The first investigated aquifer case is a stratified aquifer, where the advective velocity of groundwater transport is constant in the mean flow direction along any individual streamline, but varies randomly, due to the random variation of hydraulic conductivity, between different streamlines. The second aquifer case is an isotropic aquifer, where hydraulic conductivity and advective groundwater transport velocity vary randomly with equal spatial correlation lengths in all three spatial directions. In both cases, we assume that the hydraulic conductivity is lognormally distributed and refer to [4, 5] for derivations of travel time statistics needed for evaluating g 1 (T, x 1 ), E[C(t, x 1 )] and V[C(t, x 1 )] in the different contaminant release scenarios and aquifer cases.
Application to the Forsmark coastal catchment area
In the second part of this study, we link the LaSAR contaminant transport methodology described above to GIS-based hydrologic modelling [6, 7] in order to model contaminant transport through the coupled groundwater-surface water system of a specific coastal catchment area. The area is one of the candidate sites for the final repository of nuclear waste in Sweden: the flat coastal area of Forsmark (Fig. 2) , 100km north of Stockholm.
As input for the transport pathway, velocity and travel time calculations, we use raster maps of precipitation, calibrated evapotranspiration, runoff, vegetation, soil texture, slope, and flow directions, which were produced by Jarsjö et al. [6, 7] . The model area covers 29km 2 and the grid cell resolution is 10 × 10m. We calculate the mean groundwater flow velocity for each 10 x 10m cell as v=K(gradient)/n, where K is the mean hydraulic conductivity, gradient is the hydraulic gradient, and n is the mean effective porosity. Based on available field data [8] , we assume that K=1.5*10 -5 m/s and n=0.05 in the whole model area. We further assume that within the sub-catchment of each coastal outlet cell, the hydraulic gradient equals the mean ground slope of all sub-catchment cells, so that the hydraulic gradient is constant along each streamline.
The model area of Forsmark (medium grey), with black lines representing streams, light grey areas representing lakes and sea, and dark grey areas representing wetlands.
Lakes, streams and wetlands cover 19% of the total model area. We define the solute travel time through a lake or wetland as T Res =Ad eff /Q, where A is the area of the lake or wetland, d eff is the mean effective depth, and Q is the modelled [6, 7] mean annual discharge to the lake/wetland. The mean effective depth in a wetland is defined as the product of the depth and the water content. In the lakes, d eff is simply the mean depth. The travel time in streams is defined as the mean flow velocity divided by the stream length. The mean flow velocity is defined as v=QA str , where Q is the modelled mean annual flow rate [6, 7] and A str is the mean cross-section area of the stream. We estimate or assume values of d eff , water content in wetlands and A str based on field data reported in [9] [10] [11] [12] . For isolated lakes and wetlands that do not belong to the surface water network that is connected with the sea, we assume an effective flow velocity v=L eff /T Res , where L eff =sqrt(4A/π) is an effective flow length.
When we have assigned a flow velocity v to all cells and computed travel times in lakes, streams and wetlands, we can calculate a mean physical travel time T from each cell in the model area to a coastal outlet.
Due to variability and uncertainty in transport velocities (due to e.g. the variable hydraulic conductivity in the catchment [8] ) and pathways, the solute travel time T from any given input location within the catchment to the coast may vary greatly. We exemplify how such travel time variability may affect model results by assuming that the travel time from each cell is lognormally distributed around the cell-specific mean advective travel time with a moderate travel time variance of V[lnT]=1. A lognormal pdf g 1 (T) of solute travel time from each cell to the coast is generated from 100 000 Monte Carlo simulations (more than sufficient for stable statistics results). 
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Results and discussion
Theoretical extreme scenario analysis
In this section, we consider the different extreme contaminant release scenarios and aquifer cases described in Section 2.1 for assessing the risk propagation downstream of a contaminant source in the general transport problem shown in Figure 1 . Table 1 shows the relative distances x 1 /x s from the contaminant source zone where the risk S R to exceed different relative concentration limits (C T /C 0 = 0.001-0.1) falls below 1%. The 1% risk level is chosen as an example of one possible societal risk acceptance level. C 0 is the solute concentration in the water that leaves the source zone at x s . We assume that the migrating contaminants undergo irreversible first-order attenuation, due to degradation, removal or decay processes, and have normalised the attenuation rate λ as: λ(nx s )/(K g J), where n is the (assumed constant) aquifer porosity, K g is the geometric mean of the (assumed random and log-normally distributed) hydraulic conductivity K, and J is the mean hydraulic gradient in the mean flow direction. The normalising term (K g J)/(nx s ) corresponds to the arithmetic mean in the isotropic aquifer and the geometric mean in the stratified aquifer of the advective solute travel time through the source zone extent x s . The normalised attenuation rate represents thus a time-scale ratio between a characteristic attenuation time 1/λ and a characteristic mean advective travel time (K g J)/(nx s ); the constant source zone extent x s is included here instead of the variable transport distance x 1 in order for the normalising term to be constant.
Results in Table 1 are based on the example relative correlation length of hydraulic conductivity I/x s =0.1 for the isotropic aquifer case. Shorter correlation length I compared to the transport distance x 1 implies that differences in travel times between different streamlines are averaged out more than for longer I. In the stratified aquifer case, I is by definition infinite in the mean flow direction, and the travel time variability is much larger than in an isotropic aquifer with the same hydraulic conductivity variance V [lnK] .
Large travel time variability implies that travel time in many streamlines deviates significantly from the mean travel time. Attenuation along the fastest streamlines will then be much lower than along streamlines that are closer to the mean. The transport along streamlines with much longer than average travel times, on the other hand, does not affect total contaminant mass delivery much if the mean travel time is already long enough for most of the contaminant to be attenuated. However, large travel time variability may also decrease downstream concentrations since it increases the spreading of the migrating contaminant plume. If the contaminant release is a short pulse rather than continuous in time, the solute thereby becomes more diluted. Table 1 :
Relative transport distance x 1 /x s at which the risk S R to exceed the relative concentration limit C T /C 0 falls below 1% for different relative attenuation rates λ(nx s )/(K g J). The difference between these two heterogeneity levels in the critical distance from the source where S R falls below 1% is significant only for longlasting leakage in the extreme stratified aquifer case.
The effect of aquifer structure (stratified or isotropic) on that critical distance is generally not significant for short-pulse releases, as long as the aquifer logconductivity variance V[lnK] is, as often assumed, about 1 or less [1, 2] . In the short-pulse release case, the critical distance where S R falls below 1% (or any other chosen level) generally depends much more on the order of magnitude of the relative attenuation rate λ(nx s )/(K g J) and concentration limit C T /C 0 than on the commonly unknown details of aquifer structure and heterogeneity (within the limit V[lnK]≤1). This means that the necessity of immediate emergency measures for fast removal of accidentally released contaminants may be judged on basis of relatively straightforward order-of-magnitude assessment of the relations C T /C 0 and λ(nx s )/(K g J).
For long-lasting leakage of contaminants, the distance from the source where S R falls below 1% (or any other chosen level of risk acceptance) may be much longer in the stratified aquifer than in the isotropic aquifer case. But this effect of heterogeneity structure may be irrelevant for environmental management because for λ(nx s )/(K g J)≤0.01, for example, the risk to exceed most of the plausible relative concentration limits C T /C 0 is highly likely to remain above 1% at distances 240 times the source zone extent, independently of aquifer heterogeneity structure and magnitude. This may serve as a clear indication to prioritise remediation initiatives and investigations in contaminated land cases that are assessed to fall within this order-of-magnitude category.
Furthermore, for λ(nx s )/(K g J)≥1, the long-lasting leakage risk is instead highly likely to decline below 1% at distances closer than 50 times the source zone extent for all concentration limits C T /C 0 ≥0.01, again independently of specific aquifer heterogeneity structure and magnitude details. This indicates that contaminated land cases within this order-of-magnitude category may not be highly prioritised for remediation if there are no particular protected or health/environmentally sensitive water environments within that distance from the source zone. Finally, for λ(nx s )/(K g J)≈0.1, and also for λ(nx s )/(K g J)≈1 if the concentration limit C T /C 0 ≤0.001, the distance at which the long-lasting leakage risk declines below 1% varies greatly depending on aquifer heterogeneity structure. This indicates that contaminated land cases within this order-ofmagnitude category should be prioritised for further site characterisation investigations focused on obtaining better estimates of aquifer heterogeneity and structure and their risk effects.
Application for Forsmark
In this section, we show the results of the GIS-based hydrological transport model of solute transport from the whole Forsmark catchment area (i.e., from all of the 10 x 10m cells in the model area) to the coast. 
λ=0.1 λ=1 λ=10 λ=100 λ=1000
Attenuation rate (year already seen in the theoretical part of this study, the ratio between attenuation rate λ and mean advective travel time may be considerably more important for delivered contaminant mass (and associated environmental risk) than aquifer heterogeneity details, which in this application example are represented in terms of travel time variance [α] is greater than 0.01 only in and directly around the surface water network and along the sea shore. Hence, one can in this case with great certainty (0.999 probability) say that less than 1% of any contaminant mass released in all other parts of the catchment area is likely to reach the coast. 
Conclusions
The site-specific results for the Forsmark catchment area support the purely theoretical results in indicating that approximate order-of magnitude estimates of mean advective travel time and attenuation rate may in many cases be sufficient to assess if contaminant release is likely to result in unacceptable contaminant discharges into downstream water recipients. Complex aquifer heterogeneity and structure details may be important within an identifiable and limited critical range of the relation between characteristic average time scales for physical contaminant transport and physical or (bio)geochemical contaminant attenuation. In general, the methodology that has been outlined and used in this study may be a powerful, yet relatively simple tool for assessing environmental risk propagation downstream of contaminated land.
